Abstract-A new generation of CAD tools is introduced to provide wider range of possible solutions and cost reduction for an (hybrid) electric vehicle designer. The conventional design process starts from the performance criteria and applies them to physical vehicle dynamics. The final result would be strict characteristics of all vehicle components; this scenario gives only one option for the desired vehicle. The ability to select any arbitrary set of variables and solve for the rest, to work with variable ranges not strict values and to have both design and simulation in a single package are advantages of the new tool.
I. INTRODUCTION
Electric vehicles were first designed and created long before internal combustion engines were developed. This was mainly because of the simplicity of design for these cars. Figure  1 shows the general structure of electric vehicles. As could be seen, there is simply an electric motor, connected to the wheels through usually a single gear transmission. Despite its simplicity, these vehicles have unique advantages. Because there is no fossil fuel being burned in the vehicle, the pollution by them is almost zero. They use the electricity which in the worst case has been produced from fossil fuel, but still, burning fossil fuel in the utility is much more efficient than in an ICE [1] . The other advantage of these vehicles is their great performance. The torque-speed characteristics of an electric motor looks much more like the ideal traction profile needed for a vehicle. Beside all these advantages, there were difficulties also that pushed electric cars out of attention when gasoline engine cars came in. The most important problems came from the limitations on the amount of available on-board energy storage [2] . The entire energy storage of an electric vehicle is being done by the batteries. The existing battery technology had serious limitations on the energy capacity and power capacity. Long charging and discharging time was also another problem with the current battery technology. All these problems caused the electric vehicles to have short drive range per full charge, long charge time and the large volume of batteries which cause limitations on the payload they can carry. Needless to say that most of these problems still exist because there is still not a good storage technology available for electrical energy.
Different solutions have been thought of to get around mentioned problems in EV's. The solution that caught the most attention was introducing the concept of hybrid electric vehicles. Figure 2 shows the most common configuration for the series hybrid vehicles. As could be seen in this figure, the vehicle wheels are driven directly by the electric traction motor connected to a mechanical transmission. Since the electric motor has the ideal torque-speed profile for the best traction, the transmission is usually a single-gear gear box. Motor controller controls the traction motor to output the required amount of power in the form of speed or torque. Traction motor receives its energy from the battery through the DC/DC converter. at the same time the battery is being charged by the reverse line from the motor when the vehicle is in braking mode using the vehicle inertia.
II. VEHICLE STRUCTURE CONFIGURATIONS
Engine uses the fuel tank as the energy source to propel the generator. The generator output is fed to both the traction motor to energize it when battery does not have enough charge, and to the battery to charge it when the state of charge on it is too low. Since the energy transfer from engine to the battery and motor is bidirectional, the engine is turned on only when its energy is needed and is off the rest of the time.
III. CONVENTIONAL METHOD OF SERIES HYBRID ELECTRIC VEHICLE DESIGN
The conventional design consists of specifying the characteristics of all the building components of a vehicle from a set of given performance criteria and some other fix known parameters. The building components of a hybrid electric vehicle include the electric motor, internal combustion engine, generator, gearbox, battery and etc. Some examples of performance criteria include acceleration time and distance, gradeability, vehicle maximum speed and so forth. The physical equations relating the components to the performance measures are used in performing the vehicle design by the conventional method.
A. Traction Motor
The traction motor should be strong enough to make the vehicle overcome all resistive forces against it as well as to enable it accelerate fast enough. The following equation states the traction motor power in order as summation of the power needed to accelerate the vehicle from an initial speed Vb to a final speed Vf, the power needed to overcome the rolling resistance of the tires with the road and the required power to overcome the aerodynamic drag against the vehicle movement.
We are also interested in calculating the maximum torque that the electric motor yields. The motor torque is defined as:
The motor base speed and maximum speed are related to each other by an x-factor defined as:
M otor maximum speed Motor base speed V f and V b are also related to each other by the same equation:
The motor power and torque are dependent to the speed at which the motor is rotating at. These profiles are demonstrated in Figure 3 . 
B. Gear Ratio
The electric motor is the main drive train that moves a hybrid vehicle. The purpose of the single gear is to map the maximum rotational speed of the motor to the maximum longitudinal speed of the vehicle. This relationship is shown here:
Gradeability and Acceleration Performance Verification
Acceleration performance and gradeability are performance measures that are completely dependent on the electric motor characteristics. The following equations describe calculating them in detail:
where t a is the acceleration time and S a is the acceleration distance. The tractive effort of the vehicle could be calculated as T p from the following equation:
To design the engine power, we need to take two different scenarios into account:
• designing the engine for driving the vehicle at a constant cruise speed for a long distance:
• designing the engine to operate the vehicle in an urban stop-and-go profile:
The minimum engine power (kW ) should be greater than the power calculated from both scenarios.
E. Peaking Power Source
The peaking power source or battery is the immediate direct source that drives the electrical motor in the series hybrid and electric vehicles. On the other hand, the battery is charged by the engine/generator. There are two different factors that need to be designed for the battery:
• power capacity
The summation of total power stored in the battery and the power generated by the engine at any given time should be greater than or equal to the power that the electric motor needs as the only power consumer in the vehicle:
• Energy capacity
The energy capacity of the battery will determine how long the battery will support the vehicle under different driving conditions.
IV. CONCEPT OF CAD/SIMULATION TOOLS FOR VEHICLE DESIGN, THEIR EVOLUTION AND SHORTCOMINGS

A. Concept and Evolution
Design of a vehicle in general is a very complicated and time consuming process because of its several different components and sophisticated relationships in their operations. It is both very risky and costly to do a full vehicle design completely by hand and to hope that it is going to meet all the desired design requirements. This was the main reason for appearing the very first versions of vehicle simulation applications.
A simulation applications is a piece of software that would get the designed values for all of the variables in the vehicle and runs them through the physics laws and vehicle dynamics equations implemented in the computer. They would plot some simple graphs to ease the analysis and verification of performance by the designer as well.
This was a good progress at the time in the sense that these simulation packages would eliminate the need to build an actual vehicle based on a design to be able to check if it meets certain requirements. But there was still need for more. Designers were still struggling in achieving the optimum design as well as keeping the costs down. Trial and error was still necessary; this time in simulation which costs less than building an actual copy.
The next generation of packages were simulation tools that would use modular models for different components of the vehicle. There were computer models for the engine, electric motor, battery and other components. Researchers and scientists could develop new models and the designers only needed to tweak the variables and tune them for their application. Advisor is a famous example of such an application.
All of the packages developed until this time were simulation only. They were not helping the vehicle designer through the design process; they were checking the designed vehicle against certain measurements. The next generation of applications aimed at the ways they could help the design process itself.
B. Shortcomings
There have always been shortcomings with either the simulation or design packages. One of the most important difficulties is that as mentioned before, the designer needs to perform multiple trials with the changes he is making in his design until he finds a relatively good solution which is not necessarily the best all the time. In the other word, there is not a way available in any application to guide the designer intelligently through the design process to get to the optimum choice he needs. Obviously this wastes a lot of time and effort with no guaranteed solution. The other problem is that in the conventional design method, if the designer decides to change a parameter or a performance criterion, he would need to redo the entire process as if he is designing a new vehicle. This will cause a large amount of time to be wasted. Another problem is that it is impossible in the conventional method to design a vehicle around a specific component for any reason like cost, shape or so forth other than going through trial and error. The same situation is when the designer needs to do a sensitivity analysis based on a small change in one of the designed variables. This is a difficult and extremely timeconsuming process in the conventional method. The biggest disadvantage of all about the conventional method however is in the fact that it gives the designer a single solution for his design problem and leaves him blind of all other possible options that could be used and might be even better in other aspects.
The new concept that has been presented in this research answers all the mentioned problems using a new approach to design a vehicle. The following summarizes the advantages of the proposed tool over conventional design tools:
1) The proposed tool allows the designer to choose any arbitrary set of variable to be known and leave the rest as the ones to be solved for, either they are vehicle component characteristic variables or performance measures. This provides a great amount of flexibility and success in designing a vehicle from any available information about it. 2) Instead of starting from single values, the new tool can work with a range of possible values for the known variables and suggest range of feasible values for the unknown variables. This provides the capability of refining the design even further and performing sensitivity analysis.
3) The proposed tool is a package that offers both design and simulation capabilities. It includes analytical performance simulation as well as simulation with arbitrary drive cycles and engine controllers.
4) It provides the capability of 2D and 3D representation of any arbitrary set of design variables in the solution space.
V. THE NEW DESIGN/SIMULATION TOOL
In the following different sections of the proposed CAD tool are introduced and their function has been explained.
A. Design
The "Design" interface is where the known variables of the vehicle as well as the fix parameters are entered as inputs and an initial range of possible solutions for the vehicle design question will be provided. Figure 4 is a snapshot of this interface which will be further explained in the following. At the top of the interface, there is a scroll down option that helps the designer choose the shape of the vehicle as well as the battery technology to be used in the vehicle. The vehicle shape determines the aerodynamic drag coefficient, C D . The battery technology is important in calculating the volume and weight of the battery based on the required power and energy capacity.
In the very left side of the interface the designer can select which variables to be considered as knowns and which ones as unknown int the design process. By checking the box for any variable, it is selected as known and the designer will have to determine its variation range.
In the right side of the variable selection check boxes, the designer can enter the acceptable range for each variable. A minimum and a maximum is to be entered for any variable chosen earlier. Vehicle's maximum acceleration speed in a limited time (10 seconds here) is a variable that is always required to be known. If a variable is not checked as input, the range lever will not show up for that specific variable.
There are times that the designer needs to manually force some limitations on some variables, because of occasional constraints. This might have various reasons from availability of a component only with a specific characteristic, to price preference in using an specific component. All these additional constraints could be added to the design in the box provided at the bottom of the interface. The constraints have to be defined in the form of inequalities using the symbols defined for each variable.
The final input by the designer in this level is the calculation resolution. A higher resolution number results in considering more points in the solution space, providing smoother and more accurate solution space. Obviously higher resolution will make it longer for the software to calculate the results.
The last section of the "Design" interface is the outputs which could be found at the right side of the screen. This section provides the results of the solution space calculations. It provides a range for every variable in the design such that all these ranges together form a closed solution space; every point in this space will represent one possible vehicle that meets all the predefined design requirements.
It should be noted that the conventional design leads to one single solution vehicle which is a single point in the so-called solution space in the new CAD tool. Having all these possible points as option opens the designer's hand in narrowing the space for other concerns than what could be taken into the game in a conventional design.
B. Simulation for Performance
Once an acceptable range is determined for each variable in the "Design" interface, those points need to be simulated for performance characteristics and be verified that they meet performance requirements, or have a minimum desired safety margins. For that purpose the "Simulation for Performance" interface is provided which would be running in parallel with other sections of the tool. This interface is shown in Figure 5 . Since a simulation by definition is the exercise of applying specific conditions to a specific system and observe its functionality and output, the designer needs to choose a single specific vehicle from the millions of options in the feasible range. Therefore, all the feasible solution ranges will be copies from "Design" to "Simulation for Performance" which are represented in the left side of the screen. The designer could choose single points from the ranges to specify a single vehicle for simulation. This is shown in detail in Figure 6 .
Once a vehicle is identified, it will be simulated for different performance measures to be verified. All these simulation results are plotted in the right side of the screen. 
C. Graphs
The number of dimensions of the solution space depends on the number of variables included in the design process, but is always more than three. Therefore it is never possible to represent the whole space in a graphical mode. However, it is always beneficial to be able to graphically see the two or three dimensional representations of different variables against each other. For this purpose, the "Graphs" interface is also provided which is again working in parallel with the whole system and the graphs are constantly being updated by the latest design results. This interface is shown in Figure 7 . There are two 2D graphs are provided at the top, as well as a 3D graph at the bottom. The variables to be displayed could be chosen from the drop-down boxes by the graphs.
D. Simulation with Drive Cycle and Controller
Once the vehicle is simulated and its performance characteristics are verified, it is needed to be simulated on a drive cycle. This is necessary to be able to specify the battery specifications since the battery will be discharged along the way in the drive cycle and its charging/discharging pattern is important in determining its size as well as in controlling the engine. For this purpose, the "Simulation with Drive Cycle and Controller" interface is also running in parallel with the whole system to complete whatever is needed to completely design and simulate a vehicle. This interface is shown in Figure 8 .
The first step in using this interface is choosing a drive cycle. A library of different common drive cycles are provided in the drop down block at the top left of the interface. More drive cycles could also be simply added to this library. The next step is to choose a controller for the engine. As discussed before, the controller decides when and at how much power to turn the engine on and when to shut it down to maintain a good state of charge on the battery. Another useful option in accurately simulating the vehicle is to determine the throttle angle and engine speed of the vehicle. These options are also provided in the left side of the interface. Once all these inputs are determined, the simulation will run and the results will be demonstrated in the right side of the interface.
The right top graph in Figure 8 shows the engine operation; i.e. the instances that the engine is turned on and the power that the engine will operate at when on. The graph below that shows the power received by the battery. When the engine is on, this power will be positive, meaning that the battery is being charged and when the engine is off it will be negative meaning that the battery is supplying power to the vehicle. Finally, the last graph shows the state of charge of the battery. This is indeed the energy level of the battery varying by time.
VI. CONCLUSION AND FUTURE WORK
A. Conclusion
In this research the problem of CAD tools for the application of designing electric, hybrid-electric and plug-in hybrid electric vehicles is addressed. After studying the available simulation and design tools for this purpose and understanding their shortcomings, new ideas for this application has been developed and implemented. These shortcomings are listed as the following:
• If the vehicle designer decides to change a parameter or a performance criterion in the conventional design method, he would need to redo the entire process as if he is designing a new vehicle. This will cause a large amount of wasted time.
• It is impossible in the conventional method to design a vehicle to use a specific component like an electric motor of certain power, other than doing trial and error.
• It is a difficult and timely process to do a sensitivity analysis based on a small change in one of the designed variables. The conventional methods do not offer any help in this regard.
• The most important of all, conventional methods give the designer a single solution for his design problem. It is obvious however that the same desired performance could be achieved by another configuration or even other components.
The outcome of the research is the concept of new generation of computer applications that has combined design and simulation process together with a special novel perspective towards the design process to address the above mentioned shortcomings.
• The proposed tool allows the designer to choose any arbitrary set of variable as known and leave the rest as the ones to be solved for, whether they are vehicle component characteristic variables or performance measures. This provides a great amount of flexibility and success in designing a vehicle from any available information about it.
• Instead of starting from single values, the new tool can work with a range of possible values for the known variables and suggest range of solution values for the unknown variables. This provides the capability of refining the design even further and performing sensitivity analysis.
• The proposed concept is a package that offers both design and simulation capabilities. It includes analytical performance simulation, simulation with arbitrary drive cycles and engine controllers and 2D or 3D representation of any arbitrary set of design variables in the solution space.
A pilot version of the new concept has been developed as a proof of concept.
B. Future Work
There are certain limitations with the proposed concept as explained below that could be further explored.
• Since designing a vehicle is a sophisticated process by itself, it is difficult to perform a thorough design in a computer application in general. Therefore the proposed concept is limited for a specific vehicle type when developing the application. It requires additional effort to customize the application to be able to analyze other types of vehicles. The prototype that has been developed in this research is able to handle electric, series hybrid electric and series plug-in hybrid electric vehicles. Separate packages or major modifications are required to have an application for parallel hybrid, fuel cell or other vehicle configurations.
• The design tool is developed considering the fundamental physical and dynamical laws governing motion of the vehicle. However, there are always engineering limitations in the design of a vehicle that need to be investigated and considered. Also, there are certain capabilities as follows that could be added to the developed pilot version to turn it into an industrial version:
• Because of the nature of the problem this generation of vehicle CAD tools are solving, strong computational power is required to render such an application. Therefore, optimizing the application and exploring more efficient optimization theories would be needed.
• By problem definition, this generation is focused on modularity of the application. Various mathematical models for different components of the vehicle could be developed as computer models to be applied to the prototype in order to expand the precision of its design suggestions.
